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Abstract
A baryon transport code (BRYNTRN) has previously been verified
using available Monte Carlo results for a solar-flare spectrum as the
reference. Excellent results were obtained, but the comparisons were
limited to the available data on dose and dose equivalent for moderate
penetration studies that involve minor contributions from secondary
neutrons. To further verify the code, the secondary energy spectra of
protons and neutrons are calculated using BRYNTRN and LAHET (Los
Alamos High-Energy Transport code, which is a Monte Carlo code).
These calculations are compared for three locations within a water
slab exposed to the February 1956 solar-proton spectrum. Reasonable
agreement was obtained when various considerations related to the
calculational techniques and their limitations were taken into account.
Although the Monte Carlo results are preliminary, it appears that the
neutron albedo, which is not currently treated in BRYNTRN, might
be a cause for the large discrepancy seen at small penetration depths.
It also appears that the nonelastic neutron production cross sections
in BRYNTRN may underestimate the number of neutrons produced in
proton collisions with energies below 200 Me V. The notion that the poor
energy resolution in BRYNTRN may cause a large truncation error in
neutron elastic scattering requires further study.
Introduction
Over the last several years, a family of determinis-
tic radiation transport codes (ref. 1), which were de-
veloped at Langley Research Center, have been used
as the engineering tool in radiation-shielding analysis
for various space missions (refs. 2 to 3). These codes
assume the straight-ahead approximation (ref. 4)
with the database containing detailed descriptions
of the basic physical processes, and yet these codes
are computationally efficient (ref. 5) when compared
with Monte Carlo codes. One of these determinis-
tic codes (ref. 6), HZETRN (a galactic cosmic-ray
transport code), may be the only mature code that is
available to estimate the effects from galactic cosmic-
ray exposure. The nuclear cross-section database
for heavy ions is calculated from semiempirical mod-
els that are continuously being improved, whenever
high-quality theory or experiments become available.
The nucleon portion of the transport code, which
is basically BRYNTRN (a baryon transport code),
calculates the energy spectra of secondary nucleons
(ref. 7), unlike tile heavy ion portion in which the en-
ergy per unit mass of projectile fragments is approx-
imated by that of the projectile prior to the collision.
Previous BRYNTRN results compared favor-
ably with published Monte Carlo results for one-
dimensional solar-proton penetration (ref. 8). The
comparison, however, was in terms of dose and dose
equivalent rather than detailed energy spectra of sec-
ondary nucleons. The contribution of secondary, low-
energy neutrons was not a major contributor to the
calculated dose for the moderate penetration stud-
ies. Therefore, further validation in the individual
nucleon spectra is needed for the code to be applica-
ble to deep penetration studies, such as cosmic-ray
effects on high-altitude aircraft (ref. 9). In this re-
port, preliminary results from Monte Carlo calcula-
tions using LAHET (ref. 10), which were performed
at Chalk River Laboratories, are compared with the
BRYNTRN nucleon spectra at three depths of a wa-
ter slab that was exposed to the February 1956 solar
flare. Although the comparisons are limited within
the selected thicknesses of tile water target, the com-
parison of detailed spectral contributions is a strin-
gent test on the representation of the actual physics
involved, and it supports the correct propagation to
greater depths.
Monte Carlo Calculation
The LAHET is a Monte Carlo code system used
for the transport and interaction of nucleons, pi-
ons, muons, light ions, and antinucleons in three-
dimensional geometry. It consists of HETC (High-
Energy Transport Code) and continuous-energy
MCNP (Monte Carlo Neutron Photon code). Ref-
erences 11 and 12 document these codes. The
HETC was originally developed at Oak Ridge Na-
tional Laboratory and modified at Los Alamos Na-
tional Laboratory to adapt the MCNP surface-
geometry package. For the current study, the
Bertini intranuclear-cascade model (ref. 13) and the
evaporationmodelofDresner(ref.14)areusedtode-
scribethe physicsof nuclearinteractionsin HETC.
A low-energyneutroncutoffof20MeVisusuallyap-
pliedin HETC,suchthat theneutronswith energy
belowthe cutoff are further transportedin MCNP
usingtheENDF/B-5(ref.15)datafile.
A very large-radiuscylinderis usedto simulate
theone-dimensionalslabof watertargetexposedto
the February1956solar-flarespectrum.Theradius
is takento be 10m andthedepthto be100g/cm2,
althoughonly the resultsat 1-, 10-,and30-g/era2
depthsareusedto comparewith BRYNTRN.The
protonspectrum,givenin the integralfluenceform
(protons/cm2)¢p(>E)is
Cp(>E)= 1.5× 109exp(
+ 3 x 10sexp(
E- l0 b
]
E - 100_
 -26 / (1)
where E is the energy in MeV. 111this study, the high-
energy cutoff is 3 GeV, and the low-energy cutoff is
30 MeV.
The Monte Carlo simulations are conducted at 15
discrete energy points, and the results are summed
after having been factored into the nmnber of pro-
tons allocated within the energy range (bin) that
bounds the energy point (table 1). The input solar-
flare spectrum for the 15 energy ranges used in the
Monte Carlo calculation, where the discrete energy
points are represented by the circles, is shown in
figure 1 with the analytical expression. The spec-
trum presented by the discrete points appears to be
slightly lower than that of the analytical curve. The
choice of energy bins and of the representative en-
ergy points used for the simulations is arbitrary in
this situation. F_ture improvements can be made
by increasing the number of energy bins between
50 MeV and 500 MeV and redefining the energy bins
that correlate better with the representative energy
points. The other alternative for sinmlating the in-
cident protons is to sample the source distribution
function given by equation (1).
BRYNTRN Calculations
The total cross sections for nucleon-nucleon or
nucleon-nucleus interactions are reasonably well de-
fined in the literature, and they are easily mod-
eled in the BRYNTRN database, as described in
reference 7. However, modeling the differential
cross sections related to the secondary nucleon en-
ergy spectra is not as straightfo':ward, especially for
nonelastic scattering. Modeling for nonelastic scat-
tering was partially derived (ref. 7) from the re-
sults of Bertini's intranuclear-eascade code t ref. 16).
The quasielastic multiplicity is estimated theoreti-
cally (ref. 17), and the low-energy cascade yield is
taken from Ranft (ref. 18). The balance of cascade
particles is assumed to have a spectral slope that
is 30 percent smaller than the low-energy spectrum
given by Ranft. (See ref. 7.)
The incident spectrum given by equation (1) with
the same high- and low-energy cutoff was input to
BRYNTRN. A recently modified version of the code,
which allows for a discontinuous nucleon spectrum
at the boundary through specialized numerical pro-
cedures, was used. This modification allows the
transport processes below the low-energy cutoff to
be accurately calculated. The run time is less than
2 min on the VAX 4000/500 machine to propagate
the solution one dimensionally to a 30-g/era 2 depth
in the water medium. The one-dimensional solution
to the Boltzmann equation was a result of assuming
the straight-ahead approximation that had been val-
idated earlier by the Monte Carlo results (ref. 19).
For neutrons, the backward production and scatter-
ing (albedo) must yet be modeled in BRYNTRN.
Results and Discussion
The energy spectra of individual proton and neu-
tron fluence 0n(E) calculated using BRYNTRN and
the Monte Carlo code for three separate depths (1,
10, and 30 g/cm 2) within a 100-g/cm 2 water slab
are compared in figures 2 to 4, respectively. The
agreement is good for the protons (figs. 21a), 3(a),
and 4(a)), except at energies below the sudden drop
with decreasing energy in the Monte Carlo results;
this drop is most obvious at the smallest pene-
tration. The slight overprediction by BRYNTRN
in the high-energy region (above the sudden drop)
can be accounted for if one considers the under-
representation of the incident protons by the Monte
Carlo calculation, as indicated by figure 1. The large
difference below the sudden drop is because only a
limited number of discrete energy points were taken
for the Monte Carlo sinmlation. Since the energy
of a proton having a range of 1 g/cm 2 in water is
approximately 32 MeV, most of the primary pro-
tons from the lowest energy bin (30 MeV) would
have stopped before 1 g/cm 2, and those protons at
50 MeV (the next bin) would have slowed down to
about 35 MeV. The diminished proton population
below the sudden drop (fig. 2(a)) arises solely from
the secondary protons, and the higher level popula-
tion predicted by BRYNTRN arises primarily from
the slowing down of the primaries that entered the
waterwith energiesbetween32and50MeV.Those
reasoningsaresubstantiated(fig. 5) by a separate
calculationfor BRYNTRNusinga low-energycutoff
for the incidentspectrumof 50MeV. Similaraug-
mentscarlbeappliedto the largedifferenceseenin
figure3(a)at the 10-g/ca2depth,for whicha sepa-
ratecalculationwith 250-MeVcutoffis displayedin
figure6.
Severalissuesthat needto be resolvedare re-
latedto themodelingof neutronproductionandin-
teractionsin BRYNTRN.Therefore,anaccuratere-
sult fromthe MonteCarlocalculationis crucialin
providinga goodreferencefor suchmodificationsin
BRYNTRN.Thecomparisonsshownin figures2(b),
3(b), and4(b)areonly preliminary,but theyseem
to indicatethat the secondaryneutronspredicted
by BRYNTRNmaybe too low. Tile largediffer-
encein fluencebelow10MeVseenat 1g/cm2,com-
paredwith thosedifferencesseenat 10and30g/cm2,
is probablyan indicationof the albedo(i.e., the
backwardscatteredcomponentleakingthroughthe
front surface)problem. Tile backwardproduction
and the scatteringas relatedto the albedoaffect
theneutronspectrumbelow10MeV,andtheyneed
to be implementedin the code. At largedepths,
the low-energyneutronflueneecomesinto equilib-
rium with the localcollisionsource,andtheneutron
flux is isotropieat low energy.At suchdepths,the
straight-aheadfluxapproachesthethree-dimensional
result. This effectcanbe observedby eomparin_
the neutronflux resultsat 1-, 10,-aim 30-g/emz
depths,althoughequilibriumis not expectedun-
til approximately70g/cm2. Accurateparameteri-
zationof the complexnucleon-nucleusinteractions
is alsonecessaryfor a goodestimateof secondary
neutronspectra.TheBRYNTRNpoorlyrepresents
the neutronsourcefrom protoncollisionsbetween
25and 200MeV. This poor representationis the
sourceof errorin the 10-to 100-MeVneutronflux
at 1 g/era2. The nonelasticneutronproduction
crosssectionsinBRYNTRNappearto underestimate
currentresultsfrom the Bertini mmlearinteraction
model.
Finally,wenotethat neutronstransfervery lit-
tle energyin elasticscatteringwith heavytarget
constituents.Becausethe energyresolutionin the
presentBRYNTRNcodeis poor (30 energygrid
pointsover4 decadesof energy),thesmallenergy
lossin ela_sticscatteringmaybecompletelyobscured
by the truncationerrors. Increasingthegrid points
to accommodatehesmallenergylossin scattering
fromheavytargetnucleis impractical,andnewnu-
mericalproceduresarerequired.Clearly, these issues
need to be further examined in future research.
Two different approaches in treating the input
spectrum to the Monte Carlo calculation were men-
tioned above. Sampling the source distribution has
the advantage of eliminating the inaccuracy caused
by discretizing the energy, while the latter has the
advantage of saving the single-energy results for any
future use. Discretizing the energy can be a good
choice for the future work when an elaborate inter-
polation method with scaling quantities that preserve
the physics of nuclear interaction is employed.
Concluding Remarks
Preliminary comparisons of nucleon spectra cal-
culated by BRYNTRN (a baryon transport code) and
the Monte Carlo code were made at three depths of a
water slab exposed to a solar-fare spectrum. Reason-
able agreements were obtained when various consid-
erations related to the calculational techniques and
linfitations were taken into account. Although the
Monte Carlo results are preliminary, it appears that
the neutron albedo, which is not currently treated in
BRYNTIRN, might be a cause for the large discrep-
ancy in neutron fluence at low energies seen at the
small penetration. It also appears that the nonelastic
neutron production cross sections for proton impact
between 25 and 200 MeV in the BRYNTRN code
Inay underestimate current results from the Bertini
imclear interaction model. Finally, the notion that
the poor energy resolution in BRYNTRN may cause
a large truncation error in neutron elastic scattering
needs to be examined further. Additional improve-
ments in Monte Carlo calculations are needed to pro-
vide a finer reference for assessing the BRYNTRN
results.
NASA Langley Research Center
Hampton, VA 23681-0001
April 22, 1994
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Table 1. Input Proton Fluences Within Assumed Energy Bins
and Simulated Energy Values
Low-energy High-energy Simulated energy, Fluence,
Bin number bound, MeV bound, MeV MeV paxticle/cm 2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
20
40
60
140
360
640
860
1140
1360
1640
1860
2140
2360
2640
2860
40
60
140
360
640
860
1140
1360
1640
1860
2140
2360
2640
2860
3140
30
50
100
250
500
750
1000
1250
1500
1750
2000
2250
2500
2750
3000
4.33 x l0 s
2.04 x 10s
2.03 × 10s
1.05 x l0 s
5.86 x 107
2.08 x 107
1.23 x 107
4.36 x 106
2.57 x 106
9.14 x 105
5.38 x 105
1.91 x 105
1.13 x 105
4.01 x 104
2.37 x 104
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Figure 1. Differential spectrum of February 1956 solar flare.
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(b) Neutron fluence.
Figure 2. Energy spectra of nucleon fluences at 1-g/cm 2 depth of water slab exposed to February 1956 solar
flare, as calculated using BRYNTRN and LAHET.
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Figure 3. Energy spectra of nucleon fluences at 10-g/cm 2 depth of water slab exposed to February 1956 solar
flare, as calculated using BRYNTRN and LAHET.
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Figure 4. Energy spectra of nucleon fluences at 30-g/cm 2 depth of water slab exposed to February 1956 solar
flare, as calculated using BRYNTRN and LAHET.
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Figure 5. Energy spectra of proton fluences at 1-g/cm 2 depth of water slab exposed to February 1956 solar
flare, as calculated using LAHET and BRYNTRN with 50-MeV low-energy cutoff.
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Figure 6. Energy spectra of proton flucnces at 10-g/cm 2 depth of water slab exposed to February 1956 solar
flare, as calculated using LAHET and BRYNTRN with 250-McV low-energy cutoff.
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